Among many possible applications of the extremely high brightness temperature and the radiation density obtainable with the optical maser, a high energy electron accelerator is proposed and discussed in this paper. It consists of a cylindrical tube of maser material excited by a pumping radiation through an interference filter coated on its outer surface and, it generates an oscillation in a TMoNM type mode. An optical peak power of 10 kw/cm 2 was calculated to accelerate electrons by 109 ev/meter. A gasfilled cavity is proposed for velocity matching. Selection of the particular mode might be made by placing a periodically printed absorption layer on the inner surface of the maser cylinder. However, mode separation would be extremely difficult because of thermal expansion of the maser material.
Introduction
Directivity, coherence, and brightness temperature of the radiation generated by a high frequency maser are described by the extremely narrow spectral width of the oscillation. When the effect of saturation is neglected, the theoretical width of the spectrum of maser oscillation is given approximately by
4kT(V)
(1) P where ZAv is the spectral width of the line at the absence of maser action, P is the output power, and cTn is the noise energy, calculated from the theory of noise in masers' to be°
Here -T is the effective negative temperature representing the ratio of populations N* and N' in the upper and lower states respectively. Note that the spectral width of an oscillation given by Eqs. (1) and (2) holds even when hvo kTe if the oscillation occurs in a single mode. An oscillation in a multimode resonance has a broader width which is roughly proportional to the multiplicity.
Since the large output power from an optical maser is concentrated in its narrow width, the brightness temperature is extremely high so that it can produce very high electric and magnetic fields at the optical The author is associated with the Microwave Physics Laboratory, Institute of Physical and Chemical Research, and the Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo, Japan. Received 18 September 1961. frequency. Among many possible applications of an extremely high radiation density obtainable with the optical or infrared maser, an electron linear accelerator is proposed here.
II. Field in a Cylindrical TMNM, Cavity
A cylindrical tube of maser material is pumped through an interference filter which is coated on its outer surface in order to reflect the signal wave and to transmit pumping radiation as shown in Fig. 1 . When the cavity resonator is operated in a T ONM type mode, N and M being very large, the maximum electric field is produced along the axis of the cylinder. The axial field is given by E, (r 0, z, t 
When krr > 1, the asymptotic form of the Bessel function is
The rms electric field intensity at the radius a of the cylindrical tube is E -(rkra)-'/2Eo.
The output power of the maser can be expressed in the form
where R is the power reflection coefficient of the interference coating and is the length of the cylinder. Then the maximum field intensity at the center is given by Eo = 7rkaE = 87r for N = 104 ( -R) = 5 X 10-3, and P/S = 10 kw/cm 2 , the rms electric field is E 0 = 1.2 X 107 volts/ cm or 1.2 billion volts per meter.
The mode number N may be expressed in terms of the radial wavelength XT= 27r/Kr by
Hence it is evident that the shorter the wavelength XA, the larger the field intensity at r = 0. However, in order to increase k at a constant frequency, k in Eq. (3) must be reduced, since there is a relation between kr and kl given by
where X 0 is the free space wavelength.
Velocity Matching
In order that an electron may be accelerated by the high frequency field, the phase velocity of the wave must coincide with the velocity of the electron which is smaller than the light velocity. Several methods to match the phase velocity vp = cwo/k, to the velocity of the electron v were considered. The value of 1 -= 1 -Ve/C is 10-4 at 36 Mev and 10-5 at 109 Mev.
A. Dielectric Tube Resonator
In order to have vp < c in vacuo, kr 2 must be negative, so that the axial field intensity is expressed by the function Io(k'r) where lk' = V
2.
Since this function increases predominantly by a factor exp(k'r), the diameter of the tube must be equivalent to one wavelength. Therefore, this method can only be used at lower frequencies in the conventional microwave range.
B. Loading by Dielectric Plates
When k is so small that k 10-2 k, the phase velocity is larger than the light velocity by only a factor of the order of 10-4. Then the wave and the electron can travel a path length of L 1 z 103 Xo before exhibiting a large phase difference. Insertion of a dielectric sheet of thickness L2 and of index of refraction n can restore this phase difference, when
Substituting n = 1.4 and (v, -v,)/c = 10-4 in Eq. (6) gives L,/L 2 = 4000. Actually these dimensions should be modified when making holes in the sheets in order to allow electrons to pass. For Xo -10-4 cm, the spacing is Li , 1 mm and the thickness is L2 , cm. Periodical loading by such fine sheets of dielectrics would not be practical, even if it could stand the intense radiation without absorption of optical energy.
C. Gas-Filled Cavity
High energy electrons are deflected only slightly by scattering. The probability of being deflected by an angle larger than 0 is calculated as
where N is the density of nuclei with charge + Ze and p is the momentum of the electron. For the electron of 300 Mev the probability of scattering by an angle larger than 10-4 radian is 2% per meter in hydrogen gas at 1.5 atm pressure, for which n -1 = 2 X 10-4.
Helium may be used instead of hydrogen if the frequency of the optical maser is fairly close to that of an absorption line of the hydrogen molecule. From Eq. (5) the condition for vp = e is found to be
The electron velocity changes with acceleration and it is very close to the light velocity at the high energy side of the accelerator. For A = 1, Eq. (7) gives Xr/Xa = ko/k = 50, when n-1 = 2 X 10-4. This means that the diameter of the beam must be less than about 18Xo in order that the field intensity in the beam be not smaller than 0.7 Eo. The ratio X,/Xo must be larger at a lower electron energy. The minimum injection energy for 1 -= 2 X 10-4 and X, >» Xo is 25 Mev. A higher injection energy is preferable, because of less scattering and a lower value of 1 -3. For injection at 36 Mev, X,/X = ko/kr is 70, which is not significantly different from 50, a value at the end of the accelerator. Changing the diameter of the cylinder or the pressure of the gas along its axis is not feasible. To keep the radial mode number unchanged while using a straight cylinder, insertion of a slightly tapered dielectric tube, as shown schematically in Fig. 2 Fig. 2 . Dielectric tube in a gas-filled cavity for velocity matching.
10 times the X, or about 1 mm. The necessary variation of the thickness of the inserted tube is only a small fraction of a millimeter. Therefore, it would be possible to obtain the TMoN mode along its length by using a proper mode separation device. A proposed method is to place a periodically printed absorption (or dielectric) layer on the inner surface of the maser cylinder or on the inserted tube. Alternatively, some mode suppression diaphragms of a similar kind might be used. Such stripe-patterns might be produced by a photo-printing or photo-etching technique, or by electron beam machining.
IV. Conclusion
It has been shown above that an acceleration of 109 ev/meter could be obtained with a maser output of 10 kw/cm 2 , if velocity matching and mode selection were achieved. However, with such a large high Q cavity there is likely to exist relaxation oscillation in the maser which must be suppressed.
Mode separation would be very difficult in a cavity especially when thermal expansion is taken into consideration. Beam loading and focusing have not been discussed here. The diameter of the accelerated beam is a fraction of the radial wavelength X, and is about 10-' cm when Xo = 10-i cm.
Finally, it may be said that the optical maser linac proposed here works on a reverse process of the Cerenkov effect in a gas. One should not be surprised to discover acceleration of electrons in a gas, since the number of collisions in the one-meter path length is roughly the same as that in a conventional synchrotron accelerator if the particle travels about 107 meters in a vacuum of about 10 -' mm Hg. 
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